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INTRODUCTION 
Nearly seven years after the report of icosahedral symmetry in a rapidly solidified 
Al-Mn alloy [1], many questions concerning quasicrystals^ remain. The energetics which 
cause the icosahedral phase to form and the nature of the atomic structure which gives rise 
to the "forbidden" five-fold symmetry of the material are not well understood. 
Equilibrium phase diagrams can provide many clues to aid in the understanding of some of 
the uncertainties concerning these alloys. However, existing phase diagrams of 
quasicrystalline alloy systems are controversial and incomplete. In addition, a thorough 
analysis has not been done on many of these alloy systems. 
The extraordinary atomic structure of quasicrystals is best understood by first 
considering conventional crystallographic principles. The structure of solids has for 
decades been described as a periodic packing of space-filling unit cells with translational 
order. These structures possess long-range positional order with restricted orientational 
symmetries. The orientational symmetries are limited by geometric space-filling 
constraints. As an example, squares and hexagons can pack neatly together to completely 
cover a plane (Figure la), which can be extended to three dimensions to completely fill 
space. On the other hand, pentagons or octagons cannot cover the entire plane (Figure lb) 
and therefore fail to completely fill space, prohibiting them as crystalline lattices. The 
orientational symmetries available for crystalline solids are limited to two-, three-, four- or 
six-fold, while symmetries such as five- or eight-fold are considered to be forbidden. 
^Icosahedral alloys and other related phases with non-crystallographic orientational 
symmetries are commonly referred to as quasicrystals. 
(a) (b) 
Figure 1. (a) Squares and hexagons can completely cover a plane, whereas (b) 
pentagons and octagons cannot. This limits the possible crystallographic 
orientational symmetries 
In 1984 Schectman et al. [1] revealed the discovery of an Al-Mn phase having five­
fold orientational symmetry with sharp diffraction spots. Similar phases have since been 
observed in many other alloy systems as well [2]. The sharp diffraction maxima indicated 
that this structure possesses positional order. However, the diffraction maxima were not 
periodically spaced, revealing that the translational order present was not periodic. For 
example. Figure 2a shows a selected area electron diffraction pattern from a single grain of 
an icosahedral phase oriented along the five-fold direction. The distances between the 
reflections in the radial direction are related by r, an irrational number equal to (H->/5)/2 
(an example is arrowed in Figure 2a). The five-fold nature of the pattern violates 
orientational symmetry rules for crystalline structures. The lack of 
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Figure 2. (a) Selected area electron diffraction pattern along the five-fold direction of 
an Al-Cu-Fe icosahedral alloy, (b) This same direction seen by lattice 
imaging. Note the aperiodicity in the reflections in (a) and the rows of 
atoms in (b). (from reference [5]) 
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periodicity in these alloys is also seen in lattice images (Figure 2b), which show no 
periodic repetition of the atomic-like planes. Also present in the lattice image of Figure 2b 
are pentagonal arrangements of various sizes, as indicated. The sizes of the pentagons are 
also related by r. 
It is necessary to gain an understanding of the structures of quasicrystalline phases 
and their relationships to crystalline phases. Therefore, a knowledge of their phase 
diagrams is necessary. The phase diagrams provide the chemical characteristics as well as 
the thermal stability of the quasicrystalline phase, which leads to an understanding of the 
criteria necessary for its stabilization. Knowledge of other crystalline phases present in the 
alloy systems are also helpful in understanding the structural nature of quasicrystals. Phase 
diagrams of the stable icosahedral alloys have not been extensively investigated, with only 
the Al-Cu-Fe system receiving much attention thus far. However, very little progress in 
the understanding of icosahedral alloys has been made from this system because of the 
complexity of the transformations involved [3-5]. Therefore, other alloy systems must be 
investigated. 
In this study, a thorough investigation of the compositional and thermal stability of 
the icosahedral phase in the Al-Cu-Ru system has been undertaken. This study will 
provide information on the aspects which may contribute to the stabilization of the 
icosahedral structure, such as size, electronegativity, and electron density. To gain an 
understanding of the solidification process in quasicrystalline alloys, solidification 
microstructures are evaluated and compared with conventional alloy systems. The rapid 
solidification employed to process these alloys reveals underlying metastabilities. In 
addition, the formation of the icosahedral phase from the solid state is investigated in this 
system. 
Novel crystalline phases which provide information about the structure of the 
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icosahedral phase are also investigated in this study. Understanding these crystalline 
phases (termed "approximants") are the best way to gain an understanding of the atomic 
structure of quasicrystals, since a direct description of quasicrystalline structures in three 
dimensions is extremely difficult. These complex crystalline structures contain atomic 
configurations which possibly approximate the atomic structure in the quasicrystalline 
phase. Many quasicrystalline systems contain these approximant structures [6-10]. It is 
therefore useful to determine the presence of approximant phases in icosahedral alloy 
systems and to relate their structures to the icosahedral structure. 
The experimental results of this study are presented in two sections. The first 
section deals with the thermal and compositional stability of the icosahedral phase in the 
Al-Cu-Ru system and its rapidly solidified microstructures. In the second section, 
approximant phases in the Al-Cu-Ru system are identified. These structures are then 
inspected for possible relationships with the icosahedral phase. First, there will be a 
discussion on the general properties of quasicrystals, the various structural models, and 
current phase diagram information for stable icosahedral alloys. 
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QUASICRYSTALS 
Quasicrystals are characterized by an aperiodicity in one, two, or all three 
orthogonal directions. Three-dimensional quasicrystals, or icosahedral alloys, have 
icosahedral symmetry (six five-fold, ten three-fold and fifteen two-fold axes) and comprise 
a majority of the 100 or so alloy systems currently known to contain quasicrystalline 
phases. Two-dimensional quasicrystals have been found with decagonal, dodecahedral and 
octagonal symmetries [11-13]. The emphasis in this investigation will be on the 
icosahedral alloys. 
A description of quasicrystalline structures is possible by projecting a higher-
dimensional lattice to a lower dimension [14-18]. For instance, in the simplist case a one-
dimensional lattice can be produced by projecting a two-dimensional lattice onto a line. 
To accomplish this, first a two-dimensional square lattice is constructed (Figure 3). The 
two-dimensional lattice is represented by line segments since the one-dimensional lattice 
produced will be a set of points. The coordinates of the two-dimensional lattice points in 
space can be defined by values along two axes, Xg, which is the real space component, and 
which is the complementary space component, as shown in Figure 3a. For example, 
values along %|| and for a two-dimensional lattice point are denoted by a and b in Figure 
3a. 
To describe the one-dimensional lattice, the two-dimensional lattice is "cut" by an 
axis (Xj). The one-dimensional lattice sites are defined by the intersection of the two-
dimensional lattice's line segments with the axis. How the axis cuts through the 
two-dimensional lattice determines whether the projected lattice will be periodic or 
quasiperiodic. If the cut through the two-dimensional lattice has an irrational slope, the 
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(a) 
Figure 3. A structure can be described by a projection from a higher dimensional 
space. For example, in (a) a one-dimensional quasiperiodic lattice is 
produced by cutting the two-dimensional lattice with a line having an 
irrational slope of r (T=(14-^/5)/2). In (b) a periodic lattice is produced 
from a rational cut through the two-dimensional lattice. (From reference 
[7]). The real (*,) and complementary (Xj^) space axes are also labelled 
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resulting one-dimensional points make up an aperiodic sequence of long (L) and short (S) 
line segments. If the slope of the line is r (T=(H->/5)/2), then the sequence is a one-
dimensional analog to the quasicrystal, which is a Fibonacci sequence (Figure 3a) [19]. 
However, a rational slope results in a periodic one-dimensional lattice (Figure 3b), where 
the sequence of points making long (L) and short (S) segments are periodic. The sequence 
"LSL" in Figure 3b is a one-dimensional analog to a unit cell. The heavy dashed lines 
parallel to the x, axis in Figure 3 limit the two-dimensional lattice sites projected to form 
the one-dimensional lattice. 
Three-dimensional structures can also be described as a cut through a higher 
dimensional lattice, but it is obviously much more difficult to visualize. The three-
dimensional quasicrystal is produced from an irrational cut through six-dimensional space 
and projecting to three dimensions. In principle, the hyperspace lattice can be any lattice, 
such as cubic, tetragonal or hexagonal. Experimentally, all three-dimensional quasicrystals 
discovered thus far are described by a six-dimensional cubic lattice. Diffraction patterns 
from icosahedral alloys have been indexed to both simple and face-centered hypercubic 
lattices. These two lattices are distinguished by selection rules for the allowed reflections 
in the same way as three-dimensional simple and face-centered cubic lattices are 
distinguished by their allowed reflections. 
Just as crystal lattices have corresponding reciprocal lattices, quasicrystals have 
reciprocal lattices. In the reciprocal lattice Gj and replace and Diffraction 
properties of quasicrystals are uniquely dependent on Gj^, the complementary space 
description of reciprocal lattice sites. For instance, in isotropic crystals, diffraction 
properties are only dependent on G y values. ^  Intensities are dependent on atomic 
^G. = 2ir/d = 4?rsin 0A, where d is the lattice spacing, 0 is the diffracting angle and X 
is the wavelength of the characteristic radiation. 
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scattering factors which decrease with an increase in the scattering angle 0 (and hence 
increasing G,), and powder X-ray diffraction peak widths increase with increasing G| 
when lattice strain is present. However, in quasicrystals intensities are also inversely 
proportional to the Gj^ values [20], and powder X-ray diffraction peak broadening is 
proportional to the Gj^ values of the peak. This peculiar disorder, which differs from 
normal lattice strain, is known as "phason" strain [21]. This disorder is also evidenced by 
shifts and jogs of diffraction maxima in selected area electron diffraction patterns and by 
discontinuities in lattice images [22]. 
The exact physical nature of phason strain is not totally understood. It is primarily 
present in simple icosahedral (SI) alloys and is believed to be inherent to the solidification 
of the alloy [23] and, in the SI alloys, is impossible to remove. Phason disorder may be 
best regarded as a local rearrangement of groups of atoms, or "building blocks" [24,25]. 
With a rearrangement of atoms, the introduction and removal of phason strain is a 
diffusive process. This explains the difficulty in removing phason strain from SI alloys by 
annealing. Since nearly all of the SI alloys are metastable, temperatures high enough to 
cause significant diffusion to eliminate phason strain may be higher than the crystallization 
temperatures of the metastable SI alloys. 
Recently, phason strain has been found to be absent from thermodynamically stable 
icosahedral alloys discovered in several systems [26,27]. In fact, Al-Cu-(Fe,Ru) alloys 
have resolution-limited X-ray diffraction peak widths as sharp as any periodic structure 
[28,29], indicating a large degree of structural order. Along with this structural order, 
these alloys appear to possess chemical order as well. Their diffraction patterns can be 
indexed to a body-centered hypercubic lattice in reciprocal space [30,31]. Therefore, the 
structures are face-centered hypercubic in real space, and are known as face-centered 
icosahedral (FCI) alloys. Chemical ordering is also suggested by antiphase boundaries 
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observed in transmission electron microscopy bright field images [31]. In fact, short-range 
ordering has been observed in the SI alloy Al-Mn-Si, as determined from diffuse scattering 
seen in electron diffraction results [32]. Chemical ordering is speculated to be the 
difference between SI and FCI structures and is also associated with the presence of phason 
strain [33]. 
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STRUCTURAL MODELS 
Since the observed icosahedral symmetry is forbidden in conventional 
crystallography, the nature of the atomic structure of quasicrystals has attracted a great 
deal of interest. Various theoretical structural models have been proposed, with almost all 
providing reasonable agreement with experimental results. The most popular of these 
include multiple twinning of a periodic crystal, cluster-based models and tiling models. 
Experimental results will ultimately lead to an understanding of the most correct models 
for the structure of quasicrystals. 
Multiple Twinning Model 
This model suggests that the five-fold nature of the selected area diffraction patterns 
of icosaliedral alloys arises from the multiple twinning of a periodic structure and not 
necessarily from true five-fold symmetry. Several investigators have reasonably simulated 
experimental results by calculating diffraction patterns from a crystal with five-fold twins 
[34,35]. However, the ability to probe materials with a great degree of spatial resolution 
using techniques such as convergent beam electron diffraction (CBED) and high resolution 
electron microscopy (HREM) have provided results which refute this explanation. For 
instance, CBED patterns, which provide three dimensional symmetry information from 
very small regions, revealed the five-fold nature of the icosahedral alloys [1]. HREM, 
which reveals the structure of a material and would show the presence of a twinned crystal, 
also displays the aperiodicity of the structure [36]. 
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Cluster-based Models 
With any type of periodic arrangement of atoms essentially ruled out, a possible 
structural description of quasicrystalline alloys is needed. The cluster-based models 
describe the quasicrystal structure as clustered arrays of atoms packed in a non-periodic 
fashion. For instance, icosahedral clusters of atoms attached at vertices, edges or faces 
produce the observed icosahedral symmetry [36-38]. The gaps between the icosahedral 
clusters, filled with a highly disordered amorphous phase, generates diffuse scattering. 
Diffuse scattering is experimentally observed in the highly disordered SI alloys. With the 
FCI alloys, which have sharper diffraction maxima and lack diffuse scattering, a more 
ordered derivative of the initial icosahedral cluster model is necessary. This may be 
accounted for by attaching the icosahedra with "glue" atoms in a more orderly fashion [6-
8]. 
The basis for icosahedral clusters packing to form the quasicrystal structure can be 
found in studies of metallic glasses and periodic structures. In metallic glasses, specifîc 
local icosahedral order has been observed [39]. In periodic crystals, the complex Frank-
Kasper phases can more easily be described as an assemblage of smaller structural units 
[40]. Some of these complex crystalline phases have remarkable similarities with 
icosahedral phases found in the same alloy systems, as seen in diffraction results [6-9], 
indicating strong structural relationships. Quasicrystalline structures have been proposed 
based on the building blocks, or local atomic arrangements, found in the crystalline 
"approximant" phases a-AlMnSi [6-8] and AlMgZn [41]. These building blocks can be 
described both as icosahedra and as prolate and oblate rhombohedra for a-AlMnSi (Figure 
4) [7]. The icosahedra are double-shell icosahedra which contain 54 atoms, first described 
by Mackay [42]. In the crystalline phase, these building blocks are packed into periodic 
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FIVE-FOLD TWO-FOLD 
(b) 
Figure 4. (a) Mackay icosahedron. In a-AlMnSi, an empty center is surrounded by 
a double icosahedron, with the first shell consisting of A1 atoms and the 
second consisting of Mn atoms. The edges of the outer icosahedron are 
decorated with A1 atoms, (b) Oblate and prolate rhombohedra 
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structures. The quasicrystalline structure, on the other hand, are assemblages of these 
building blocks in quasipenodic arrangements. 
Tiling Models 
An alternate view of the structure of icosahedral alloys is based on the three-
dimensional extension of tiling, or covering, a plane with various shapes. The first of 
these, based on work by British mathematician Roger Penrose [43], describes ideal 
quasicrystals which have perfect Bragg diffraction peaks. Penrose covered planes with 
assorted geometric shapes, such as prolate and oblate rhombuses (Figure 5a). Extending 
the two-dimensional rhombuses to three-dimensional rhombohedra describes the structure 
of icosahedral alloys. Placing atoms at the vertices of the rhombohedra and calculating the 
diffraction pattern gives results remarkably similar to experimental diffraction patterns 
[19]. However, the construction of Penrose tilings involves complex "matching rules" 
regarding the placement of a rhombus on the growing tiling (Figure 5b). The matching 
rules require knowledge of the tiling at regions other than where the tile is being placed, 
which is a physically difficult occurrence in a solidifying melt. However, defects can be 
introduced to make more localized growth possible [44]. The Penrose tiling model is also 
considered to be the stable solid phase of a system at low temperatures [19,45]. 
The random tiling model also uses oblate and prolate rhombuses to tile a plane, but 
implements true local growth mechanisms [46-48]. The strict matching rules necessary for 
the growth of the Penrose tilings are relaxed. The subsequent disorder increases the 
contribution of the configurational entropy to the overall free energy of the structure. At 
higher temperatures this term can then dominate, stabilizing the quasicrystal. At lower 
temperatures, the quasicrystal becomes unstable and transforms to a periodic structure. 
Figure 5. (a) A Penrose tiling, where prolate and oblate rhombuses tile a plane, (b) 
To assemble a Penrose tiling, specific sides or vertices must match in 
order to minimize the energy of the system 
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Therefore, the major distinguishing factor between the Penrose and random tiling models 
is the thermal stability of the icosahedral phase. 
Although the cluster based and tiling models at first appear to be disparate, the true 
structure of quasicrystals may in fact combine aspects of each of the models. For 
example, the prolate and oblate rhombic tiles do not necessarily describe the structure 
down to one-atom tiles. The rhombohedral tiles can be viewed as two "unit cells" which 
make up the structure and can be decorated in much the same way as crystalline unit cells 
(e.g., atoms on the faces of the rhombohedra). For instance, the structure of a-AlMnSi 
can be described in terms of decorated oblate and prolate rhombohedra, which are tilings 
in the three dimensional Penrose tiling model [7]. 
17 
PHASE DIAGRAM STUDIES 
From a materials science perspective, the equilibrium phase diagram of an alloy 
system is a fundamental guide to understanding the system. The chemical make-up and the 
energetics involved in stabilizing a structure can be understood simply by determining the 
range, in both temperature and composition, over which the structure forms. This is 
directly applicable to quasicrystalline alloys, where little is known about why these phases 
form or the compositional variations allowed in the structure. The stability information, 
both thermal and compositional, is also vital to understand any physical or mechanical 
properties measurements, when the presence of second phases can cloud the reliability of 
any such data. 
Knowledge of the equilibrium phase diagram of FCI alloy systems would also lead 
to a better understanding of the structure of quasicrystals. The thermal stability of the FCI 
phase is the major discriminating factor between Penrose and random tiling models. The 
atomic structure of quasicrystals is also described by a cluster-based model, which is 
dependent on the presence of crystalline approximant phases in icosahedral alloy systems. 
Approximant phases, which are prevalent in SI systems [6-10,41] but number only a few 
in FCI systems [3,49], can be determined by phase diagram investigations. Crystalline 
approximants to the FCI phase also reveal similarities between the FCI and SI structures 
and provide a better understanding of the ordering which may exist on the FCI lattice. 
Of the FCI alloys known, the Al-Cu-Fe system has garnered the most attention 
recently. The Al-Cu-Fe phase diagram was first investigated many years before the 
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discovery of icosahedral alloys [50]. It is interesting to note that these researchers actually 
obtained the icosahedral phase but were understandably unable to determine its structure 
from powder X-ray diffraction techniques. The compositional stability of the FCI phase 
and its equilibrium with respect to neighboring phases has recently been extensively 
investigated at temperatures above 680°C [51]. The thermal stability of the FCI phase has 
also received much attention since it is the distinguishing factor between the Penrose and 
random tiling models. Many experimental results support the existence of a crystalline 
approximant phase at lower temperatures for some compositions. For example, X-ray 
powder diffraction patterns of Al6gCu23Fei2 samples annealed below 670°C display peak 
broadening which scales with the phason component of the diffraction peak, Gj^ [52]. 
High resolution electron microscopy of slow-cooled Al6gCu2oFGis reveals a multiple-
twinned rhombohedral structure present at temperatures below approximately 700°C [3]. 
Other investigations provide somewhat conflicting conclusions [53]. Also, no easily 
describable crystalline approximant phases have been observed in the Al-Cu-Fe system, 
prohibiting any structural conclusions from being made. 
Very little is known about the phase diagrams of other FCI systems, such as Al-Cu-
Ru and Al-Pd-Mn [54]. In the Al-Cu-Ru system, no ternary intermetallic compounds have 
been reported [55]. Some assumptions concerning the phase diagram can be made simply 
because of the many similarities (size, electronegativity, etc.) between Ru and Fe. Greater 
knowledge of this system would provide more clues regarding the stability of FCI alloys 
and their relationships with crystalline phases. 
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EXPERIMENTAL PROCEDURES 
Experimental Equipment 
Specific equipment used to characterize the samples in this investigation include a 
Philips PW1820 powder X-ray diffractometer with a 0/20 goniometer. The radiation was 
Cu K„, with other radiation stripped with a post-sample graphite (002) monochromator. 
The resolution of this diffractometer is ±0.003 half-width at half maximum (HWHM). 
A Perkin-Elmer 1700 series DTA was used for the thermal analysis. TEM analysis was 
primarily done on a Philips CM30 operating at 150 kV and equipped with a Link 
Analytical X-ray detector. Some TEM was also done on a JEOL 4000FX operating at 150 
kV which was equipped with a Tracor-Northem X-ray detector and analysis system. 
Heat treatment of samples was performed by repeated evacuation and backfilling of 
quartz capsules with high purity argon, and then sealing under an argon atmosphere. The 
capsules were generally quenched in water from the annealing temperature, although some 
experiments required ramping the temperature at very low rates. In the text, samples are 
quenched from their annealing temperature unless otherwise noted. 
TEM samples were made by mounting small segments of ribbons on a copper oval 
with epoxy. Electron-transparent regions were obtained on a Gatan ion mill with a 
ionization voltage of 3 kV. This low voltage was necessary to prevent damage to the 
sample, such as occurred in similar Al-Cu-Fe alloys when ion milled at 5 kV [33]. 
Samples used for X-ray diffraction and DTA were powdered by gently crushing in a 
mortar and pestle. 
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Experimental Techniques 
In this study of the Al-Cu-Ru phase diagram, rapid solidifîcation processing was 
utilized. The production of material by rapid solidification has distinct advantages over 
conventional casting. With melt-spinning or other forms of rapid solidification, a more 
homogeneous material is possible because segregation upon rapid solidification is minimal. 
Conventional solidification produces non-equilibrium phase distributions due to 
segregation, which are difficult and sometimes impossible to equilibrate upon annealing. 
The homogeneity of the material is especially crucial when attempting to determine the 
equilibrium phase diagram. It is also essential that there not be compositional variations 
which may affect the results of limited-sampling area experiments such as transmission 
electron microscopy. 
Another benefit of rapid solidification, which proved essential in this study, was the 
formation and retention of metastable phases and, from these, the ability to determine the 
metastable extensions of the solidus lines. These as-solidifîed metastable structures also 
proved to be essential for the determination of the Al-Cu-Ru phase diagram. It was found 
that the FCI phase, which is stable at higher temperatures, does not readily transform to 
the low temperature thermodynamically stable phases because of kinetic limitations. 
However, the as-solidified metastable structures easily transformed to equilibrium phases 
upon heating. Thus, the low temperature phase fields were able to be determined from the 
crystallization products. 
The ingots used in this study were alloyed by arc melting high purity (>99.9 
percent) elemental Al, Cu and Ru in appropriate ratios. Weight loss during alloying was 
minimal (typically less than 0.3 weight percent). In arc melting, contamination of the 
sample is negligible since no crucible is necessary. Alloying prior to melt spinning 
removes the need for the alloying to occur in the melt spinning chamber, where the high 
21 
temperatures for prolonged times necessary for liquification can severely contaminate the 
alloy with the crucible material. This is extremely importait in Al-Cu-Ru system, where 
the high melting point of Ru requires high temperatures to ensure complete melting and 
mixing in the alloy. 
The melt spinning apparatus is a single roller type equipped with a 19 cm diameter 
copper wheel. The chamber is evacuated by a roughing pump and backfilled with high 
purity argon to atmospheric pressure. The quartz crucible is suspended above the copper 
wheel, and the sample is melted by radio frequency induction. Once at the desired 
superheat temperature, as monitored by a one-color infrared pyrometer, a 100 Torr over­
pressure is used to eject the liquid through the 0.8 mm diameter crucible orifice. When 
the liquid metal contacts the rapidly spinning (30 m/s tangential velocity) copper wheel, 
the heat is extracted from the molten alloy, causing solidification at very high rates. 
Ribbon or flake samples approximately 1 mm in width and 40 /um in thickness are 
produced, which were cooled at approximately 10^°C/s. The high solidification rate 
causes a number of effects, most notably the extension of solid solubilities and retention of 
metastable structures. 
The samples produced by rapid solidification and samples that were subsequently 
heat treated were characterized by a number of techniques. Powder X-ray diffraction 
revealed the phases that were present and their relative quantities. Structural information, 
such as the relative amount of chemical and topological order present in the icosahedral 
phase, can also be determined from X-ray peak intensities and widths. 
Structural information of the icosahedral and other phases was also obtained by 
transmission electron microscopy (TEM) utilizing selected area electron diffraction (SAD). 
SAD is a technique in which a relatively large region of the sample (5-100 fim) is 
surveyed. Diffraction of the incoming parallel electrons occurs according to A=2dsin 0 
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(Bragg's law), where X is the wavelength of the electron, d is the interplanar spacing and 
0 the angle of incidence. The wavelength A of an electron with an accelerating voltage of 
100 kV is 0.037 A, which results in very small scattering angles (»0.5°). Therefore, 
planes nearly parallel to the incoming electrons meet the diffraction conditions. Intensities 
of the diffracted beams are proportional to the structure factors of the Bragg planes [56]. 
The diffraction of electrons can also be considered in an Ewald sphere construction. 
In Figure 6, a sphere with the center at X and a radius of l/\ is drawn through a set of 
reciprocal lattice points. Any reciprocal lattice point other than the origin O which 
intersects the sphere, such as P, gives rise to a diffracted ray. However, points not exactly 
intersecting the Ewald sphere may also cause diffraction because the specimen is thin and 
there is some divergence in the incident beam of electrons [57]. This construction is equal 
to Bragg's law. 
With large collection angles, it is apparent from Figure 6 that in addition to the 
zero order intersections of the Ewald sphere there are also higher order intersections 
parallel to the the incident beam. These intersections result in additional diffraction 
maxima which are known as higher order Laue zones (HOLZ). HOLZ provide three-
dimensional symmetry information, which will be discussed shortly. 
When the incident beam is parallel to a major direction of the unit cell^, such as a 
<001>, <110> or <111>, many planes meet the diffracting conditions. Examining 
several major zone axes enables the determination of the crystal structure of an unknown 
phase. Other crystallographic information is also available from SAD patterns. Chemical 
ordering is apparent from the presence of superlattice reflections. Defects, such as phason 
strain in quasicrystals, alter the shape or location of the reflections in SAD patterns. 
Orientational relationships between phases can also be determined from SAD. 
^In diffraction techniques, directions in a unit cell are referred to as zone axes. 
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Figure 6. Ewald sphere construction for diffraction. Points that intersect the sphere 
cause,diffraction 
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Convergent beam electron diffraction (CBED) was another electron diffraction 
technique used in this study. As in SAD, diffracting conditions are given by Bragg's law. 
As its name implies, CBED uses a converged beam of electrons. Instead of spots of 
intensity, such as results in SAD, discs of intensity are formed. With a small convergence 
angle, small discs are formed. The small disks allow d-spacings to be determined and 
crystal structures found in the same way as when using SAD. Since the beam is 
converged, a very small area of the sample is examined, limited only by the probe size 
attainable in the microscope. This method of using small, converged probes, often 
referred to as microdiffraction, is most useful when examining fine-grained material or 
when desiring very small sampling areas. However, diffraction information, such as the 
less intense reflections, is lost because of the veiy small area being diffracted. 
Symmetry information from CBED was also used to determine the three-
dimensional point group of structures in the Al-Cu-Ru system. By using larger 
convergence angles, larger discs of intensity result. If a sufficiently thick region of the 
sample is examined, symmetry information arising from inelastically scattered electrons is 
available from within these discs and from the whole pattern. By determining the 
symmetry elements present in the zero order disc (caused by the HOLZ), zero order Laue 
zones, and HOLZ, the three-dimensional point group can be determined. However, great 
care must be taken when obtaining CBED patterns, as small misorientations from the zone 
axis and defects in the material affect the observed symmetries. Once the point group is 
determined, the space group can be deduced by examining the electron diffraction patterns 
for systematic absences of reflections. 
Structural information can also be obtained from TEM by lattice imaging. With 
this technique, both diffracted electrons and elastically and inelastically scattered electrons 
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are allowed to form the image [58]. An interference effect, where the lattice can be 
viewed as a diffraction grating, forms a structural image as the electrons pass through 
channels of high and low atomic density. The interference pattern produces light and dark 
areas on the image (see for example Figure 2b). However, the light and dark areas do not 
necessarily represent the location of atoms since the image is extremely sensitive to 
thickness effects (i.e., inelastically scattered electrons) and the amount of defocus [58]. 
Nevertheless, the true nature of a structure can be resolved, such as the crystal structure of 
unknown phases and the symmetry and packing of the unit cells. For example, whether a 
structure is periodic or aperiodic can be easily discerned, as well as if a periodic structure 
is twinned. These have direct relevance to the study of quasicrystals, where diffraction 
information alone can often lead to misinterpretation of the structure. Defects in the 
structure, such as dislocations and, in the case of quasicrystals, phasons, can also be 
observed by structural imaging. 
TEM was also used to determine the morphology of the as-solidified 
microstructures. With bright field imaging, phase distributions and the scale of the 
microstructures can be seen. Also, since strain fields cause contrast in bright field images, 
defects such as dislocations and antiphase boundaries can be observed. 
Since the bombardment of a material with electrons causes the material to emit X-
rays characteristic of the elemental constituents, compositional analysis of the samples is 
possible. The X-rays are collected by equipping the microscope with an energy dispersive 
X-ray spectrometer (EDS). Elements with Z>5 are generally identifiable. With the 
extremely small probe sizes and thin specimens used in TEM, compositional information is 
obtainable from extremely small sample volumes. For example, probe sizes in a typical 
analytical TEM can reach < 15 A, and since the specimen is thin the activation volume is 
minimal. By comparison, in many scanning electron microscopes the probe is » 1 ixm, 
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and the activation volume in the bulk specimen can reach a diameter ten times the probe 
size (Figure 7). 
In summary, many transmission electron microscopy techniques were utilized to 
characterize material in this study. Selected area diffraction (SAD) provides structural and 
crystallographic information. Convergent beam electron diffraction (CBED) also allows 
structural determination, and from the symmetry information obtainable with this technique 
the three-dimensional point groups can be determined. From lattice imaging, the crystal 
structure can also be determined, as well as defects imaged. Bright field images provide 
microstructural information such as the solidification morphology. Compositional 
determination of specimens is possible by collecting and analyzing energy dispersive X-ray 
spectra. 
The morphology of as-cast ingots was also investigated in this study by scanning 
electron microscopy (SEM). Especially useful was imaging by backscattered electrons, 
which provides contrast according to the atomic number. In this technique, incident 
electrons which are "bounced" off the sample are collected. The larger the atomic number 
of the element, the more backscattered electrons produced. Thus, when two phases have 
different compositions with a difference in atomic number, contrast between the two 
phases will occur. As the atomic numbers become closer, less contrast is produced. 
Along with phase contrast, this technique provides relative compositional information. 
The thermal stabilities of the samples were determined by differential thermal 
analysis (DTA), with a heating rate of 10°C/min and under flowing argon. In this 
technique, the temperature of a sample is monitored against a reference temperature. 
When a thermal event occurs in the sample, such as melting, a difference in the two 
temperatures occurs resulting in a peak in the delta temperature (AT) versus temperature 
plot. If, on heating the sample, heat is given off from the sample (i.e., an exothermic 
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Figure 7. The volumes excited by incoming electrons emit characteristic X-rays, (a) 
In an SEM, this volume is much greater than in (b) a TEM 
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reaction) AT is positive. If heat is absorbed by the sample (i.e., endothermic reaction) then 
AT is negative. This information gives temperatures of reactions and relative stabilities of 
the phases producing the reactions. 
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PHASE STABILITIES IN Al-Cu-Ru ALLOYS 
In this study of the AI-Cu-Ru system, eleven compositions were examined, as 
shown in Figure 8. A fairly wide range of compositions was chosen in order to better 
determine phase relationships in this region of the ternary phase diagram. Annealing 
experiments on the rapidly solidified material revealed the phase fields that the various 
compositions lie in as a function of temperature. The thermal stability and microstructures 
of the rapidly solidified products were also examined. 
As"Solidifîed Phases and Microstructures 
After melt spinning, X-ray diffraction revealed that most samples consisted of a 
"disordered" icosahedral phase along with varying amounts of AI2CU (0) and Al, 
depending on the starting composition. Diffraction patterns for several alloys are shown in 
Figure 9. Table I lists the solidification products for each of the compositions studied. 
The term "disordered" here is used in a loose sense to include both chemical and 
topological defects. Close inspection of Figure 9 reveals that the X-ray diffraction patterns 
seem more characteristic of the SI alloys than the FCI alloys. The clearest signal of the 
chemical ordering which distinguishes the FCI alloys from SI alloys is a diffraction peak 
found at about 26°, marked by an arrow in Figure 9 [26]. As seen in Figure 9, this peak 
is of very low intensity. This is typical for all as-spun samples studied except 
AI70CU15RU15, which will be discussed separately below. The icosahedral peaks are also 
very broad, indicating that a large amount of structural disorder is also present in the as-
spun material. The rather low degree of structural and chemical order in these as-spun Al-
Cu-Ru alloys sharply contrasts with similar measurements for the Al-Cu-Fe system, which 
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Figure 8. Ternary phase diagram locating the compositions which were investigated 
in this study. Also shown is the list of compositions in atomic percent 
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Figure 9. X-ray diffraction patterns of rapidly solidified (a) AI75CU20RU5, (b) 
AI65CU23RU12, and (c) A!6oCu25Rui5. The arrow indicates the FCI 
signature peak. These patterns reveal very little chemical ordering and a 
large amount of structural disorder in the icosahedral phase 
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is very well ordered under identical solidification parameters [52]. 
The solidification microstructures and phase distributions of the alloys were also 
examined. The morphology of the solidification microstructure is dependent on the 
stability of the solid-liquid interface. As instabilities in the growing solid-liquid interface 
develop, they can either recede so that the solidification front is planar, or they can 
continue to grow, forming cells and dendrites. Several factors influence the stability of the 
interface. Large temperature gradients and interfacial energy stabilize the perturbations on 
the interface, while solute effects cause cell and dendrite growth. Planar solidification 
interfaces are stable at very low and very high interface (i.e., solidification) velocities 
(Figure 10). 
Table I. Rapid solidification products for the Al-Cu-Ru alloys studied. 
(/=icosahedral, 0=Al2Cu,Al=Aluminum) 
COMPOSITION AS-SPUN 
(Ai-Cu-Ru) PHASES 
75-20-5 1,0,A1 
75-12.5-12.5 f,0,Al 
70-25-5 f,e 
70-20-10 i,e 
70-15-15 i,e 
70-10-20 i,Q 
65-27-8 i,e 
65-23-12 i,Q 
65-20-15 i,Q 
65-15-20 /,0,?a 
60-25-15 /,0 
®This phase could not be indexed to any known phases. 
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Figure 10. Schematic representation of the microstructural change as a function of 
solidification velocity 
At low velocity, the planar interface is stabilized by a large temperature gradient. 
There is a critical temperature gradient below which solute effects cause cell/dendrite 
growth (constitutional supercooling). Stable perturbations of the interface (cells/dendrites) 
develop because solute is rejected from the solid into the liquid ahead of the perturbation. 
This changes the composition of the liquid and thus the liquidus temperature. This results 
in liquid in front of the growing interface below its equilibrium freezing temperature (i.e., 
it is supercooled) [59]. This supercooling of the liquid leads to solidification and the 
cell/dendrite grows. However, if a large temperature gradient is imposed, the temperature 
of the liquid remains above its equilibrium freezing temperature and therefore cannot 
solidify, so perturbations are unstable and a planar interface grows. 
At high solidification velocity, a large temperature gradient is no longer the valid 
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criterion to stabilize planar growth. Instead, the interfacial energy stabilizes the 
perturbations on the interface and a planar interface grows [60]. The interfacial energy 
becomes important because the cell/dendrite spacings are reduced as the solidification 
velocity increases [61]. As the spacings become very small, the effect of the interfacial 
energy is able to stabilize the perturbations. Special processing techniques which impose 
very high temperature gradients or high solidification rates are required to obtain planar 
interfaces at both low and high velocities. Nearly all processing conditions fall into the 
dendritic regime of Figure 10. 
With an understanding of the possible solidification morphologies, the as-spun 
microstructures can now be evaluated. By transmission electron microscopy (TEM), it 
was seen that in all cases, the icosahedral phase formed as the primary phase from the 
liquid. Dendritic microstructures were predominantly observed, with either the 0 
peritectic (Figure 11a) or Al-0 eutectic (Figure lib) forming interdendritically, depending 
on alloy composition. The dendrites are non-faceted, as seen by the smooth boundaries. 
This indicates that there are no strong crystallographic effects occurring during 
solidification. This behavior is typical of metallic systems [62]. An equiaxed 
microstructure is formed on solidification in the AI70CU15RU15 alloy (Figure 11c). Similar 
transitions from dendritic to equiaxed morphologies as the composition changes have been 
observed in other quasicrystalline alloy systems [63,64]. They interpret this change in 
microstructure as a transition from dendritic to planar solidification. However, it is 
important to note that even with rapid solidification processing, which greatly increases the 
solidification velocity, it is difficult to stabilize the planar interface. The difference in the 
microstructures of the alloys can be explained by a change in the nucleation rate. 
Equiaxed grains, as seen in the AI70CU15RU15 alloy, are indicative of a higher nucleation 
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Figure 11. Transmission electron micrographs of (a) AI65CU23RU12, which shows the 
dendritic icosahedral phase surrounded by the AI2CU that forms 
peritectically (the five-fold diffraction pattern is shown in the inset); (b) 
AI75CU20RU5, with primary solidification of the icosahedral phase (i) and 
eutectic formation interdendritically (e) 
36 
-fT J 
/V 0 
k." 
Figure 11 (cont'd), (c) AI70CU15RU15, which shows a more equiaxed morphology and does 
not contain the same contrast observed in the other samples (see text for 
more details) 
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rate; more grains nucleate and then impinge on one another before much growth occurs. 
The higher nucleation rate for the AlygCuigRu^g alloy can be explained qualitatively either 
by an increase in undercooling or by a compositional effect. 
For comparison, the microstructure of an arc-melted AlggCu23Rui2 ingot was 
examined by scanning electron microscopy (SEM). As for the as-spun material, dendritic 
solidification occurred (Figure 12), with the primary solidification product the icosahedral 
phase. The dendrites are non-faceted, as seen by the smooth interfaces and also observed 
in the rapidly solidified material. It is apparent that in this alloy system the icosahedral 
phase forms directly from the liquid. Conversely, in the Al-Cu-Fe system the icosahedral 
phase forms peritectically [3,51], necessitating a large undercooling to directly form the 
FCI phase from the liquid. Processing of Al-Cu-Ru alloys is therefore much easier, which 
will make the fundamental metallurgical properties easier to investigate. 
The compositional variation within the icosahedral phase was also investigated by 
EDS. The composition of the icosahedral phase in the as-spun AlgsCu23Ruj2 sample, as 
determined by semi-quantitative EDS analysis, was found to be approximately 
AI53CU30RU17 at the dendrite tip and near AI65CU23RU12 toward the core. No Si (which 
may result from contamination from the quartz crucible during melt spinning) was detected 
in the as-spun material. From this, it is seen that the icosahedral phase is metastable over 
a large compositional region, and that the metastable extension of the icosahedral solidus is 
the solidification path followed during rapid solidification. 
The internal microstructure of the icosahedral phase is also quite interesting in the 
as-spun material. In the chemically disordered alloys, variations in contrast, seen most 
clearly in Figure 1 la, are apparent. Since we have seen from the X-ray diffraction results 
that the degree of chemical ordering is small (see for example Figure 9), this contrast 
indicates the presence of antiphase boundaries [31]. Antiphase boundaries create contrast 
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Figure 12. Dendritic microstructure of as-cast AI65CU23RU12, as observed by 
scanning electron microscopy (Back-scattered electron image) 
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in TEM micrographs because of the strain associated with the disorder. In the chemically 
well-ordered AI70CU15RU15 alloy (see for example the X-ray diffraction pattern in Figure 
20a), the TEM micrograph of the icosahedral phase (Figure 11c) does not contain the same 
contrast that is present in the other, more chemically disordered alloys. 
Thermal Stability 
The thermal stability of the as-spun material was investigated by DTA. For each 
composition studied, an exothermic peak exists as the first response to heating (Figure 13). 
Since this is rapidly solidified material, it is safe to assume that exothermic reactions 
indicate that the as-spun icosahedral phase is metastable. The endothermic reactions seen 
in Figure 13 at 550°C and 590®C correspond to eutectic and AI2CU melting, respectively. 
The products of the crystallization for each alloy were determined by annealing for 30 min 
at temperatures just beyond the exothermic peak. The crystallization temperatures and 
products are shown in Table II. Two of the phases present after crystallization (marked 
with question marks) did not index to currently known phases, and complete indexing was 
not possible because of the limited number of lines present in the diffractometer traces. 
From the crystallization data, an isothermal section of the ternary diagram for this region 
can be drawn for temperatures below »500°C (Figure 14). 
It is interesting that the major crystallization product is easily distinguishable from 
the FCI phase; in comparison, the low temperature crystalline phase in the Al-Cu-Fe 
system is extremely difficult to discern from the FCI phase [3]. The structure of the 
crystalline phase here was determined by electron diffraction. The fine grain size of this 
material (typically 100 nm) necessitated the use of microdiffraction techniques in lieu of 
SAD. Figure 15 displays the [100], [110] and [111] zone axes, which index to a 
tetragonal unit cell with a=6.45 A and c=14.9 A. 
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Figure 13. Differential thermal analysis of the as-spun material at all compositions 
reveal exothermic reactions. The scans shown are for (a) AI65CU20RU15, 
(b) AI65CU23RU12, (c) AI65CU27RU8, and (d) AI70CU20RU10. Values of 
the crystallization temperatures for all compositions are shown in Table I. 
(ICC/min heating rate) 
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Table H. Crystallization products and temperatures for the Al-Cu-Ru alloys 
studied. (T=tetragonal,/=icosahedral,0=Al2Cu,ô=Al2Ru) 
COMPOSITION CRYSTALLIZATION 
(Al-Cu-Ru) T CO PHASES 
75-20-5 446 0,T,A1 
75-12.5-12.5 435 0,T,A1 
70-25-5 400 0,T,A1 
70-20-10 450 0,T 
70-15-15 530 T 
70-10-20 510 T,5,?a 
65-27-8 400 0,T 
65-23-12 495 T 
65-20-15 485 T 
65-15-20 540 T,ô,?a 
60-25-15 514 0,T 
®These phases, of different structures, could not be indexed to any known phases. 
From CBED patterns the point group was determined to be 4/mmm, and by analyzing for 
missing reflections the space group was determined to be P4/mnc. This phase is therefore 
isostructural with the tetragonal Al7Cu2Fe phase [55]. It is interesting to note that this 
phase, though very close in composition to the icosahedral phase in the Al-Cu-Ru system 
[27], does not contain icosahedral clusters or other atomic configurations which would 
make it an approximant phase. 
Annealing Study 
To determine high temperature phase stabilities, samples were annealed at 800°C 
for various amounts of time, generally ranging from 24 hours to one week. Of the 
compositions studied, the FCI phase field at 800°C was found to encompass 
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Figure 14. Approximate isotherm of the Al-Cu-Ru ternary phase diagram at »500°C 
in the region investigated. Filled circles are compositions investigated 
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Figure 15. Microdiffraction patterns and indexing of the (a) [100], (b) [110] and (c) 
[111] zone axes of the tetragonal phase 
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AI65CU23RU12, Al65Cu2oRui5, AI70CU20RU10 and AI70CU15RU15. X-ray diffraction 
revealed only the FCI phase at these compositions (Figure 16). Nearby compositions 
contained the FCI phase mixed with either a crystalline phase or liquid. The FCI 
structures are very well ordered chemically, shown by the intensity of the peak near 26° 
two theta, and have a high degree of structural integrity, illustrated by the narrow line 
widths. 
Since we have seen from the previous section that the tetragonal phase is the major 
phase present at lower temperatures, and we obtain the FCI phase at higher temperatures, 
the transformation to the FCI phase on heating should be marked by a peak in the DTA 
scan of the tetragonal phase. In fact, endothermic peaks at temperatures from «670°C to 
710°C, depending on composition, do exist for all of these alloys and mark the tetragonal 
to FCI transformation (downward arrows in Figure 17). The presence of endothermic 
events indicates that the phase transformation is from a low temperature stable phase of the 
system (tetragonal) to the high temperature FCI phase. 
Since we have seen from the previous section that the tetragonal phase is the major 
phase present at lower temperatures, and we obtain the FCI phase at higher temperatures, 
the transformation to the FCI phase on heating should be marked by a peak in the DTA 
scan of the tetragonal phase. In fact, endothermic peaks at temperatures from =670°C to 
710°C, depending on composition, do exist for all of these alloys and mark the tetragonal 
to FCI transformation (downward arrows in Figure 17). The presence of endothermic 
events indicates that the phase transformation is from a low temperature stable phase of the 
system (tetragonal) to the high temperature FCI phase. 
In order to verify that these endothermic events correspond to the tetragonal to FCI 
transformation, annealing experiments, in which the alloys were heat-treated at 
temperatures just below and above the observed endotherms, were completed. These 
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Figure 16. X-ray diffraction scans of (a) Al65Cu23Rui2> (b) AI70CU20RU10, (c) 
AI65CU20RU15 and (d) AI70CU15RU15 annealed at 800°C for 48 h, which 
produces the FCI phase. The PCI signature peak is arrowed 
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Figure 17. Differential thermal analysis of (a) AI65CU23RU12, and (b) AI65CU20RU15. 
The top scans are of material annealed at 500®C to obtain the tetragonal 
phase, while the bottom scans are of material in the FCI phase, obtained 
by annealing at 800°C. The top scans show large endothermic reactions 
which are attributed to the tetragonal to FCI transformation (marked by 
arrows). The lack of these in the lower scans substantiates this 
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results confirm that these DTA peaks correspond to the tetragonal to FCI transformation, 
as X-ray diffraction revealed that the tetragonal phase was obtained upon heat treatment 
below the endotherm and the FCI phase upon heat treatment above the endotherm. X-ray 
diffraction reveals that the transformation is from primarily single phase tetragonal to 
primarily single phase FCI. A DTA scan of a sample first annealed at 800°C to obtain the 
FCI phase shows no response to heating in this temperature range (Figure 17), which 
further confirms that the endotherms correspond to the tetragonal to FCI transformation. 
For three of the four compositions studied in the FCI phase field, only a single 
endotherm, marking the tetragonal to FCI transformation, was observed above 600°C. In 
the case of AI6SCU23RU12, a small amount of eutectic and AI2CU coexist with the 
tetragonal phase, as indicated by their respective melting events (upward arrows in Figure 
17a). It should be noted that DTA is much more sensitive than X-ray diffraction to the 
presence of minute quantities of additional phases, as the X-ray diffraction scan of this 
material showed only the tetragonal phase present. It is unclear what the other 
endothermic peak (at approximately 640°C in Figure 17a) is due to since only the 
tetragonal phase results when the material is annealed at temperatures below 670°C, as 
determined by X-ray diffraction. 
Since the FCI phase results from an endothermic reaction at high temperature, slow 
cooling of the material from higher temperatures would be expected to form the tetragonal 
phase, which is the low temperature equilibrium phase. However, slow cooling of 
AI65CU23RU12 at 16°C/h after annealing at 800°C produces only the FCI phase (Figure 
18). No transformation to the tetragonal phase occurred. This indicates that the process of 
the FCI-to-tetragonal transformation is limited either by difficulties in nucleating the 
tetragonal phase or by the growth kinetics. Extended heat treatment at temperatures below 
the transition also failed to produce the tetragonal phase. For example, samples of 
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Figure 18. X-ray diffraction scan of AI65CU23RU12 which was cooled at 16°C/h from 
800 to 450°C, This illustrates the kinetic limitations of the FCI to 
tetragonal transformation upon cooling 
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AI65CU23RU12 first annealed at 800°C to obtain the FCI phase, were then held at 500°C 
for up to ten days without the formation of the tetragonal phase. Similar results were 
found for the other compositions. 
On the other hand, the presence of a second phase with the FCI phase apparently 
assists in the FCI to tetragonal transformation. For AI70CU20RU10, annealing at 800°C for 
just 24 h leaves a small amount of AI2CU present. Now, we observe the transformation 
from the FCI to tetragonal phase upon further heat treatment at 500°C (Figure 19). 
Single-phase FCI material, which can be obtained by annealing at 800°C for 48 h, does 
not contain AI2CU and does not transform to the tetragonal phase on annealing below 
700°C. Evidently, the AI2CU second phase assists the transformation, most probably by 
providing a nucleation site for the tetragonal phase. 
^70^"l5^"l5 
As was mentioned above, as-spun AI70CU15RU15 is better ordered, both chemically 
and topologically, than the other alloys studied, as indicated by the intensity of the X-ray 
diffraction peak at about 26° two theta and the relatively narrower diffraction peaks in the 
pattern (Figure 20a). Indeed, this FCI signature peak is nearly as intense in the as-
solidified material as it is in the material heat treated at 800°C (see Figure 16d). The 
concomitant increase in the degree of chemical ordering and the decrease in peak widths 
supports the notion of a close relationship between chemical and topological order in 
icosahedral alloys [65]. 
Although an exothermic peak is observed by DTA at 530°C, annealing at 600°C 
results in only partial transformation to the tetragonal phase (Figures 20b and c). It can be 
speculated that in this alloy crystallization may be inhibited by the smaller degree of 
compositional variation, or even perhaps topological disorder, within the icosahedral 
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Figure 19. X-ray diffraction scans of AI70CU20RU10 annealed (a) at 500®C for 24 h, 
which contains the tetragonal and AI2CU phases, and then (b) at SOCC for 
24 h, with an AI2CU peak marked. In (c), with the presence of AI2CU the 
transformation back to the tetragonal phase upon annealing at 500°C 
occurs 
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Figure 20. X-Ray diffraction scans of AI70CU15RU15 (a) as-spun, (b) after annealing 
30 min at 600°C, and (c) after annealing 24 h at 600°C. The superlattice 
peak (arrowed) in (a) is much more intense than that seen for other alloys 
(see Figure 9). Annealing produces only partial crystallization to the 
tetragonal phase 
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phase, reducing the diffusional driving force (i.e., chemical potential difference) for the 
reaction to go to completion. It is important to point out that the lack of a complete 
transformation to the tetragonal phase does not indicate that the FCI phase is a stable phase 
at lower temperatures, since an exothermic reaction still occurs upon heating the as-spun 
material and in no other composition nearby is there a two- or three-phase region 
containing the FCI phase (see Figure 14). 
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STRUCTURE OF AI-Cu-Ru FCI ALLOYS 
In this investigation, two approximant phases in the Al-Cu-Ru system have been 
discovered. Approximant phases are crystalline phases structurally related to the FCI 
phase. Since they are periodic, all the tools of crystallography can be used to determine 
the structures. By knowing the atomic structures of approximant phases, a very good 
description of the atomic structure of the FCI phase is possible. Also, the relationship 
between FCI and SI structures can be better understood from analysis of approximant 
phases, especially the chemical ordering which appears to distinguish the FCI and SI 
lattices. This section presents the identification of the crystal structures of these 
approximant phases from TEM analysis. Diffraction results are used to compare the FCI 
structure to the approximant phases. 
Rhombohedral Approximant 
It is interesting that, as discussed in the previous section, we observe a tetragonal to 
FCI transformation upon heating in the Al-Cu-Ru system even though the local atomic 
arrangements in the tetragonal phase bear no apparent relationship to those found in typical 
icosahedral alloys. In order to investigate the transformation, samples annealed at 800°C 
as a function of time were prepared, with the resultant structures examined by TEM. 
Selected area diffraction (SAD) of as-spun ribbon annealed at 800°C for 48 h 
revealed a relatively defect-free FCI structure, with little or no phason disorder (Figure 
21a). However, deviations characteristic of phason disorder, such as irregularly shaped 
pentagons and an asymmetric first ring of diffraction spots, do exist in the five-fold SAD 
pattern of material annealed for shorter times at 800°C (Figures 21b and c). Lattice 
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Figure 21. SAD patterns of AI70CU20RU10 annealed at 800°C for (a) 48 h and (b) 7.5 
h. (c) AI65CU20RU15 annealed at 800°C for 1 h, which is similar to (b). 
The deviations from perfect 5-fold symmetry are evident in the latter 
patterns 
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imaging of the latter material revealed that the structure in fact contains small regions of 
periodicity (Figure 22). The many small areas of crystallinity surrounded by heavily 
phason-strained quasicrystalline regions indicate that the material is in the midst of 
transforming to the FCI phase. The phason disorder is evidenced by the jogs and 
discontinuities in the lattice image (Figure 22) [22]. 
The crystal structure of the crystalline phase has been determined to be 
rhombohedral, with a»26 Â and a =36°, from lattice imaging of the two-, three- and 
five-fold axes. Convergent beam electron diffraction (CBED) patterns show that the 
structure contains five-fold symmetry (Figure 23). CBED patterns do not necessarily 
reveal the symmetry of the crystal lattice, but can instead reveal symmetry of atomic 
configurations within the unit cell when examining large unit cell structures [9]. In this 
structure the major scattering centers have five-fold symmetry, indicating that the structure 
contains local icosahedral symmetry. The similarity of the SAD patterns shown in Figure 
21 suggests that the long-range positional order may be similar in the two structures. 
It was possible, by varying the annealing time, to observe the rhombohedral phase 
in all four of the FCI compositions. This indicates, upon heating the as-spun material to 
800°C, a transformation sequence of 
as-spun —> tetragonal —> approximant —> FCI. 
To verify that this approximant structure was indeed between the tetragonal and FCI 
phases, AlggCu2oRuis ribbon was annealed at 600°C to obtain the tetragonal phase and 
then 800°C for 10 min. This material also displayed the structural characteristics 
discussed above. 
This crystalline rhombohedral approximant may either be a stable structure in the 
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Figure 22. High resolution electron micrograph of AI70CU20RU10 along the direction 
shown in Figure 21(b). Small regions of periodicity are highlighted 
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Figure 23. Convergent beam electron diffraction (CBED) pattern of the five-fold axis 
shown in Figures 21(b) and 22. The Higher Order Laue Zones (HOLZ) 
display five-fold symmetry 
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Al-Cu-Ru system, albeit over a very small temperature region since it has not been 
isolated, or an intermediate structure necessary for the transformation to the FCI 
phase from the tetragonal phase. Either case indicates that the approximant phase is 
necessary to form the FCI phase. It also suggests that the FCI phase does indeed contain 
clusters of atoms with icosahedral configurations since these were observed in the 
approximant phase. 
It is important to note that the FCI phase initially formed from the approximant 
phase is heavily phason strained. With further annealing, these defects are eliminated and 
a perfect quasicrystal is formed. The physical nature of phason defects is not well 
understood. Given the structural similarities between the rhombohedral and FCI phases, it 
seems likely that phason strain is a consequence of the distortion or rearrangement of the 
lattice to satisfy the icosahedral phase. This rearrangement may very well entail the 
movement of building blocks common to both structures involved. The common building 
blocks in this case may very well be icosahedral clusters, since they are present in the 
rhombohedral phase. It is also quite interesting that the theoretical introduction of 
appropriate phason strain into an icosahedral lattice results in a transformation to a periodic 
structure, such as rhombohedral [66]. 
Cubic Approximant 
An approximant phase has also been discovered at a composition near, but not in, 
the FCI phase field of the Al-Cu-Ru system. Annealing AI60CU25RU15 at 800°C for 24 
hours results in the AI2CU, AlRu and FCI phases after quenching (Figure 24a). However, 
further annealing at 800°C results in a structure similar to the FCI phase, with clusters of 
peaks at similar diffracting angles (Figure 24b). 
Electron diffraction confirmed that this phase is crystalline, and an approximant 
59 
8 
TWO THETA 
Figure 24. X-ray diffraction scans of AI60CU25RU15 annealed at 800°C for (a) 24 h 
and (b) 96 h. In (a) the phases present are the FCI, AI2CU and AlRu. In 
(b) the material has transformed to a cubic approximant, with the related 
diffracting maxima for the two phases marked 
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phase. The crystal structure, point group, and space group of this phase were determined 
by electron diffraction. From SAD patterns, the crystal structure was determined to be 
simple cubic with a = 12.38 A. Figure 25 shows SAD patterns of the [001], [Oil] and 
[111] zone axes. 
The point group of this crystal structure was determined from the symmetry 
elements evident in the higher order Laue zones (HOLZ) of CBED patterns of the major 
zone axes. For example, the [001] displays whole pattern symmetry of 2mm (Figure 26), 
which gives possible diffraction groups of 2mm, 2mmlR and 4RmmR [67]. From the 
diffraction groups, potential point groups are found. Information from each zone axis 
allows the point group to be determined. Table III displays the whole pattern symmetries, 
diffraction groups, and possible point groups for the major zone axes. The only point 
group that was common to all three zone axes was m3. With this crystal structure, the 
point group was easily determined without the use of zero order symmetry information. 
From the point group information, the space group can be determined. From ref. 
[68] and examination of the SAD patterns for any missing reflections, the space group was 
determined to be Pm3. The approximant phase a-AlMnSi (a=12.68 A) also belongs to 
this space group [69]. Thus, the name a-AlCuRu seems fitting; this phase, as will be 
discussed, is an approximant to the FCI phase. 
The transformation sequence to obtain a-AlCuRu is quite interesting. As noted, 
short anneals at 800°C produce a phase mixture which includes the FCI phase, which 
might be expected based on the phase diagram discussed in the previous section. 
However, longer anneals produce the approximant phase. In order to ensure that no 
significant change in composition occurred during the long-term anneal, which would 
make the composition of a-AlCuRu far off the nominal composition, energy dispersive X-
ray spectra were compared for the samples annealed for 24 hours and 8 days. Virtually no 
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Figure 25. SAD patterns and indexing of the (a) [001], (b) [Oil], and (c) [111] zone 
axes of the cubic approximant phase a-AlCuRu. The intensity 
modulations arise from the icosahedral units in the structure 
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Figure 26. CBED patterns of the (a) [001], (b) [Oil], and (c) [111] zone axes of the 
cubic a-AlCuRu phase. Mirror planes are marked with an "m." The 
symmetries are 2mm, m, and 3, respectively 
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change in composition resulted from the annealing. It seems that the transformation to a-
AlCuRu is hindered by the lack of a significant driving force arising from the similarity in 
composition and structure between the FCI and approximant phases. 
TABLE ni: Whole pattern symmetries, diffraction groups and point 
groups for the simple cubic structure found in AI60CU25RU15. 
Whole 
Zone Pattern Diffraction 
Axis Symmetry Groups Point Groups 
[001] 2mm 2mm mm2 6m2 
2mmlR mmm 4/mmm 
6/mmm mS 
m3m 
4RMMR ?2m ?3m 
[111] 3 3 3 23 
31R 6 
3MR 32 432 
6R 3 m3 
[110] m m m mm2 
4mm 42m 
3m 5 
6mm Sm2 
43m 
MLR mm2 4mm 
42m 6mm 
Sm2 43m 
2RMMR 2/m mmm 
4/m 4/mmm 
3m 6/m 
6/mmm m3 
m3m 
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As has been previously discussed, the structure of tx-AlMnSi can be described as a 
bcc packing of Mackay icosahedra [6-8]. Likewise, a-AlCuRu contains the same packing 
of Mackay icosahedra. These Mackay icosahedra are connected at their faces along the 
< ill > directions, giving these directions three-fold rotational symmetry (see for example 
Figure 26c). The two- and five-fold icosahedral directions were also observed (Figure 
27a), and the angles between the two-, three- and five-fold directions in a-AlCuRu 
correspond to icosahedral point group symmetry. 
Many similarities between the FCI and tv-AlCuRu diffraction patterns are evident. 
For instance, in the X-ray diffraction pattern of Figure 24 many of the diffraction peaks of 
the a phase correspond closely to FCI peaks and have similar relative intensities. The 
close relationship between the two phases is also apparent when examining SAD patterns 
from the two phases. Figure 27a shows the two-, three- and five-fold directions from the 
A phase, which from the crystalline perspective are the [001], [111] and [OIT] zone axes, 
respectively. Similarly, Figure 27b shows the two-, three- and five-fold patterns from the 
FCI phase. The intensity modulations in the SAD patterns of the two phases are nearly 
identical, both with respect to intensity and d-spacing. It is also interesting to note that the 
icosahedral intensity modulations in the a phase are approximately related by T. For 
instance, in the five-fold pattern of Figure 27a the ratios of the spacings due to the 
icosahedral units are very close to T. 
The relationships between the FCI and a-AlCuRu diffraction patterns indicate 
strong structural similarities between the two phases. This is a strong indication that the 
structural building blocks of the two phases are very similar and differ only in the way that 
they are assembled. It also appears that the structures of simple and face-centered 
icosahedral alloys may be nearly identical, except perhaps for the atomic decorations of the 
building blocks. 
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Figure 27, SAD patterns of (a) the two-, three-, and five-fold directions in the 
Mackay icosahedra in a-AlCuRu. These correspond to the [001], [111] 
and [Orl] directions of the crystalline unit cell, (b) SAD patterns of the 
two-, three-, and five-fold directions in the FCI phase 
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An idea of the ordering which may exist on the FCI lattice can be gained from the 
structure of a-AlCuRu. For this, it is helpful to compare a-AlCuRu with a-AlMnSi. To 
begin with, the nominal composition of this specimen is similar to the composition of a-
AlMnSi [69]. Grouping the A1 and Cu (or Si) atoms together, we have (Al,Cu)g5Ruig, as 
compared with (Al,Si)g4 ^Mn^g g. Chemical ordering of Al and Si has been proposed as 
an explanation of the effect of Si additions on the AlMn quasicrystalline structure [32]. 
However, Al and Si cannot be distinguished by X-ray diffraction, so it is not possible to 
determine the sites each occupy in the a-AlMnSi structure [69]. The nature of the 
chemical ordering in FCI alloys has been speculated to involve primarily Al and Cu [33]. 
If the strong scatterer in this structure, Ru, is placed on the Mn sites, it is reasonable to 
assume ordering between the Al and Cu atoms on the Al(Si) sites of the a structure. 
Complete refinement of the a-AlCuRu structure will provide a more definite description of 
the ordering on the FCI lattice since Al and Cu sites can be distinguished by X-ray 
diffraction. 
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CONCLUSIONS 
A metastable icosahedral phase, generally disordered both chemically and 
topologically, forms upon rapid solidification in the Al-Cu-Ru system. Upon heating, the 
material transforms to equilibrium crystalline phases, primarily a tetragonal phase, through 
exothermic reactions. Then, an endothermic transformation to a well-ordered FCI phase is 
observed, indicating that the tetragonal phase is at a lower free energy than the FCI phase 
(i.e., the tetragonal phase is stable at lower temperatures and the FCI phase is stable at 
higher temperatures). It is quite interesting that in this case the tetragonal phase is not an 
approximant phase. 
The thermal stability of the FCI phase allows the various theoretical structural 
models to be evaluated. The thermal stabilities of the models are illustrated schematically 
in Figure 28. For the multiple twinning model, the structure is crystalline at all 
temperatures. However, earlier experimental evidence [1,36] has discarded the multiple 
twinning description of the quasicrystals. For the Penrose tiling model, theoretical 
calculations predict that it is the ground state of the system [19,45], although practically a 
more stable crystalline phase could exist at lower temperatures. The results of this study 
clearly indicate that the FCI phase is not stable at low temperatures, and thus is not the 
ground state of the system. The FCI phase is not a product of the crystallization of any of 
the metastable as-solidified alloys studied. The transformation from the tetragonal phase, 
which is a crystallization product and is stable at low temperatures, to the FCI phase, 
which is stable at high temperatures, requires the input of energy. This indicates that the 
tetragonal phase is more stable than the FCI phase at lower temperatures. Therefore, the 
Penrose tiling model as the zero temperature thermodynamic ground state can be ruled out 
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Figure 28. Thermal stabilities of the various theoretical models and the experimental 
results of this study 
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as a description of the structure of the Al-Cu-Ru FCI phase. It is conceivable that the 
calculations concerning the stability of the Penrose tiling with respect to crystalline phases 
have not covered all possibilities, so that the Penrose tiling exists at higher temperatures 
and a crystalline phase is stable at lower temperatures. However, this possibility has not 
been discussed in the literature and the theoretical Penrose tiling is generally considered to 
be the ground state of a system. 
As shown in Figure 28, the random tiling and cluster-based models cannot be 
distinguished by their thermal stabilities. In the random tiling model the quasicrystal 
definitely transforms to a crystalline phase at low temperatures, whereas in the cluster-
based model the quasicrystal may or may not be stable at all temperatures. However, 
crystallographic evidence for the cluster-based model is found in approximant phases. 
These crystalline phases are related to quasicrystals in that the structures contain similar 
building blocks, such as Mackay icosahedra. The presence of approximant phases with 
similar compositions as quasicrystalline phases suggests that the quasicrystalline structure is 
comprised of an aperiodic packing of the clusters which are periodically packed in the 
approximant structure. 
Two approximant phases have been discovered in the Al-Cu-Ru system, and their 
crysta l  s t ructures  have been determined.  The f i rs t ,  a  rhombohedral  s t ructure  wi th  a»26 A 
and a=36°, exists as an intermediate phase in the transformation from the tetragonal phase 
to the FCI phase. Apparently, the formation of the FCI phase is dependent on a structure 
that first approximates it in a periodic manner. Since the rhombohedral phase contains 
clusters of atoms with local icosahedral symmetry, these clusters may be a common 
structural unit to both the approximant and FCI phases. Preceding the well-ordered FCI 
phase was a heavily phason-strained quasicrystal. Theoretical introduction of phason strain 
can transform quasicrystals to crystals [66]. Here, it appears that experimentally phason 
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strain is important in the transformation of a crystal to a quasicrystal. 
A cubic approximant phase (a-AlCuRu) was also identified in the Al-Cu-Ru 
system. The lattice parameter was determined to be 12.38 A and the structure belongs to 
the Pm5 space group. This structure also contains atoms with local icosahedral symmetry 
(Mackay icosahedra), which further suggests that the FCI phase consists of an alternate 
packing of icosahedral structural units. 
The similarities between the approximant phases found in the Al-Cu-Ru system and 
the FCI phase indicate that a common structural unit exists. Since both approximant 
phases discovered in this system have atomic configurations with local icosahedral 
symmetry, the common structural unit appears to be an icosahedron, such as the Mackay 
icosahedron present in the ce-AlCuRu structure. Thus, a cluster-based model based on 
these building blocks appears to be a very good candidate to describe the structure of 
icosahedral alloys in this system. 
How the Mackay icosahedra are arranged to form the quasicrystal is not easily 
resolved experimentally. Structural models have been proposed where the Mackay 
icosahedra are arranged in three-dimensional tilings [6-8]. For example, the quasicrystal 
structure is an arrangement of Mackay icosahedron in two "unit cells," prolate and oblate 
rhombohedra. These unit cells then can be arranged in a three-dimensional tiling. 
Therefore, the real structure of quasicrystals may comprise elements of both the tilings and 
cluster models. However, the Mackay icosahedra may be packed in entirely different 
arrangements not related to a tilings model. 
a-AlCuRu also provides a great deal of information concerning the relationship of 
the SI and FCI structures. Since it is isostructural with the SI approximant phase a-
AlMnSi, it is apparent that the FCI phase is structurally similar to the SI alloys. The 
difference between the two structures is a difference in the decoration of the 
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quasicrystalline lattices. For example, in the SI phase in AlMnSi there is no preference on 
whether an A1 or Si is placed on an atomic site. However, in the FCI phase of AlCuRu 
there is a definite placement of A1 and Cu on atomic sites. The difference in atomic 
decoration of the two quasicrystalline lattices can be better understood by a structural 
refinement of a-AlCuRu, where specific A1 and Cu site occupancy can be determined. 
Although not thermodynamically stable at temperatures below »650°C, the FCI 
phase is kinetically stable when possessing sufGcient order and in the absence of other 
phases. The chemical order has been considered to be a major contribution to the 
energetic stabilization of the FCI phase [65]. In this study of as-spun Al-Cu-Ru alloys, it 
is apparent that either chemical or topological order increases the kinetic stability of the 
FCI phase. When a substantial amount of chemical and topological disorder is present, as 
in the as-spun icosahedral phase, the activation barrier is overcome for the formation of the 
equilibrium tetragonal phase. However, it is difficult to determine the structural and 
chemical ordering contributions to the kinetic stability of the FCI phase since both are 
present to a large degree in the as-spun material. Generally, excess energy associated with 
strain is much greater than that associated with chemical disorder, suggesting that 
structural order may be a greater influence on the icosahedral to tetragonal phase 
transformation. 
A final interesting note concerns the solidification microstructures. It was observed 
that the solidification of the quasicrystalline alloys behaved classically as is observed in 
more conventional alloy systems. A dendritic microstructure was prevalent in both rapidly 
solidified and arc-melted samples, with the icosahedral phase as the primary solidification 
product. Growth of the icosahedral phase was non-faceted, as normally occurs in metallic 
systems. Equiaxed grains in melt-spun AI70CU15RU15 indicated a change in nucleation 
behavior associated with the change in composition for this alloy. 
72 
REFERENCES 
1. D. Shectman, I. Blech, D. Gratias and J.W. Cahn, Phys. Rev. Lett. 53, 1951 
(1984). 
2. see for example, J. Tartas and E.J. Knystautas, J. Mater. Res. 6 ,  1219 (1991). 
3. M. Audier and P. Guyot, Proceedings of the 25th Anniversary Adriatico Research 
Cortference on Quasicrystals, edited by M. Jaric and S. Lundqvist (World 
Scientific, 1990),p. 74. 
4. Z. Zhang, N.C. Li and K. Urban, J. Mater. Res. 6, 366 (1991). 
5. J.E. Shield, A.L Goldman and R.W. McCallum, unpublished. 
6. P. Guyot and M. Audier, Phil. Mag. B 52, L15 (1985). 
7. V. Elser and C.L. Henley, Phys. Rev. Lett. 55, 2883 (1985). 
8. M.Audier and P. Guyot, Phil. Mag. B 53, L43 (1986). 
9. L.E. Levine, J.C. Holzer, P.C. Gibbons and K.F. Kelton, unpublished. 
10. M.A. Marcus and V. Elser, Phil. Mag. B 54, LlOl (1986). 
11. L. Bendersky, Phys. Rev. Lett. 55, 1461 (1985). 
12. H. Chen, D.X. Li and K.H. Kuo, Phys. Rev. Lett. 60, 1645 (1988). 
13. N. Wang, et. al., Phys. Rev. Lett. 59, 1951 (1987). 
14. P.A. Kalugin, A. Yu. Kitaev and l.C. Levitov, JETP Lett. 41, 145 (1985). 
15. V. Elser, Acta Crystallogr. A42, 36 (1986). 
16. A. Katz and M. Duneau, J. Physique 47, 181 (1986). 
17. P.M. deWolff, Acta Crystallogr. A30, 777 (1974). 
18. P. Bak, Scripta Met. 20, 1199 (1986). 
19. D. Levine and P.J. Steinhardt, Phys. Rev. Lett 53, 2477 (1984). 
20. V. Elser, Phys. Rev. B 32, 4892 (1985). 
21. A.I. Goldman, Bond-orientational Order in Condensed Matter, edited by K. 
Strandburg (Springer-Verlag, Berlin, in press), p. 16. 
22. K. Hiraga and M. Hirabayashi, J. Elec. Mic. 36, 353 (1987). 
23. K. Sekimoto, Quasicrystals, edited by T. Fujiwara and T. Ogawa (Springer-
Verlag, Berlin, 1990), p. 120. 
24. A.L Goldman, Bond-orientational Order in Condensed Matter (ref. 21), p. 18. 
25. The Physics of Quasicrystals, P.J. Steinhardt and S. Ostlund (World Scientific, 
73 
Teaneck, New Jersey, 1987), p. 395. 
26. A.P. Tsai, A. Inoue and T Masumoto, J. Mater. Sci. Lett. 7, 322 (1988). 
27. A.P. Tsai, A. Inoue and T Masumoto, Jap. J. of Appl. Phys., 27, L1587 (1988). 
28. C.A. Guryan, A.I. Goldman, P.W. Stephens, K. Hiraga, A.P. Tsai, A. Inoue and 
T. Masumoto, Phys. Rev. Lett. 62, 2409 (1989). 
29. P. Bancel, Phys. Rev. Lett. 63, 2741 (1989); 64, 496 (1990). 
30. S. Ebalard and F. Spaepen, J. Mater. Res. 4, 39 (1989). 
31. J. Devaud-Rzepski, A. Quivy, Y. Calvayrac, M. Comier-Quiguandon and D. 
Gratias, Phil. Mag. B 60, 855 (1989). 
32. C.H. Chen and H.S. Chen, Phys. Rev. B 33, 2814 (1986). 
33. S. Ebalard and F. Spaepen, J. Mater. Res. 5, 62 (1990). 
34. R.D. Field and H.L. Fraser, Mat. Sci. Eng. 68, L17 (1984). 
35. L. Pauling, Nature 317, 512 (1985). 
36. K. Hiraga, M. Hirabayashi, A. Inoue and T. Masumoto, Sci. Rep. Res. Inst. 
Tohoku Univ. A32, 309 (1985). 
37. P.W. Stephens and A.I. Goldman, Phys. Rev. Lett. 56, 1168 (1986). 
38. D. Shectman and LA. Blech, Met. Trans. 16A, 1005 (1985). 
39. P.J. Steinhardt, D.R. Nelson and M. Ronchetti, Phys. Rev. B 28, 784 (1983). 
40. F.C. Frank and J.S. Kaspar, Acta Cryst. 11, 184 (1958). 
41. C.L. Henley and V. Elser, Phil. Mag. B 53, L59 (1986). 
42. A.L. Mackay, Acta Cryst. 15, 916 (1962). 
43. R. Penrose, Bull. Inst. Math, and its Appl. 10, 266 (1974). 
44. G. Gnoda, P. Steinhardt, D. Divincenzo and J. Socolar, Phys. Rev. Lett. 60, 2653 
(1988); 62, 1210 (1989). 
45. The Physics ofQuasicrystals, P.J. Steinhardt and S. Ostlund (ref. 25), p.394. 
46. V. Elser, Phys. Rev. Lett. 54, 1730 (1985). 
47. M. Widom, K. Strandburg and R.H. Swendsen, Phys. Rev. Lett. 58,706 (1987). 
48. M. Widom, Proceedings of the 25th Anniversary Adriatico Research Conference on 
Quasicrystals, (ref. 3), p. 337. 
49. S. Ebalard and F. Spaepen, J. Mater. Res. 6, 1641 (1991). 
50. A.J. Bradley and H.J. Goldschmidt, J. Inst, Met. 65, 403 (1939). 
51. F.W. Gayle, A.J. Shapiro, F.S. Biancaniello and W.J. Boettinger, unpublished. 
52. A.I. Goldman, J.E. Shield, C.A. Guryan and P.W. Stephens, Proceedings of the 
74 
25th Anniversary Adriatico Research Conference on Quasicrystals (ref. 3), p. 60. 
53. F. Faudot, A. Quivy, Y. Calvayrac, D. Gratias and M. Harmelin, Mat. Sci. and 
Eng. A133, 383 (1991). 
54. A.P. Tsai, A. Inoue, Y. Yokoyama and T. Masumoto, Phil. Mag. Lett. 61, 9 
(1990). 
55. Pearson's Handbook of Crystallographic Data for IntermetalHc Phases, P. Villars 
and L.D. Calvert (American Society for Metals, 1986). 
56. Electron Beam Analysis of Materials, M.H. Loretto (Chapman and Hall, London, 
1984), p. 22. 
57. Electron Beam Analysis of Materials, M.H. Loretto (ref. 56), p. 67. 
58. Electron Beam Analysis of Materials, M.H. Loretto (ref. 56), p. 144. 
59. Phase Transformations in Metals and Alloys, D. A. Porter and K.E. Easterling (Van 
Nostrand Reinhold Co., New York, 1981), p.215. 
60. W.W. Mullins and R.F. Sekerka, J. Appl. Phys. 35, 444 (1964). 
61. Fundamentals of Solidification, W. Kurz and D.J. Fisher (Trans Tech Publications, 
1984), p. 28. 
62. Phase Transformations in Metals and Alloys, D.A. Porter and K.E. Easterling (ref. 
59), p. 171. 
63. A.P. Tsai, H.S. Chen, A. Inoue and T. Masumoto, Jap. J. Appl. Phys. 30, LI 132 
(1991). 
64. A.P. Tsai, Y. Yokoyama, A. Inoue and T. Masumoto, J. Mater. Res. 6, 2646 
(1991). 
65. A.P. Tsai, H.S. Chen, A. Inoue and T. Masumoto, Phys. Rev. B 43, 8782 (1991). 
66. Y. Ishii, Quasicrystals, edited by T. Fujiwara and T. Ogawa (Springer-Verlag, 
1990), p. 129. 
67. Electron Beam Analysis of Materials, M.H. Loretto (ref. 56), p. 88. 
68. International Tables for Crystallography, edited by T. Hahn (D. Reidel Publishing 
Co., Boston, 1987). 
69. M. Cooper and K. Robinson, Acta Cryst. 20, 614 (1966). 
75 
ACKNOWLEDGMENTS 
My degree could not have been completed without the help of a large number of 
people over the last several years. It is my privilege to take this opportunity to recognize 
some of them. The results of their encouragement and support are displayed in this 
dissertation. 
First of all, I am grateful to God; without His presence in my life I would not be 
able to be successful at anything, let alone complete my Ph.D. 
I am tremendously fortunate to have worked under the guidance of Bill McCallum 
and Alan Goldman. They both had unending patience with my questions and occasional 
scientific blunders. What I have learned from them goes beyond the realm of science. 
Special recognition is extended to Bob Williams of ORNL. He is primarily 
responsible for my interest in a research career, and thus graduate school. I can also only 
hope to attain the level of pranks he has reached in his long and distinguished career. 
Kevin Dennis has provided invaluable assistance to me the past few years (and 
hopefully will continue to in the future). Without his expertise in setting up experiments I 
would still be fumbling around in the lab. His help with interpreting results is also greatly 
appreciated, as well as his friendship. 
The help of Scott Chumbley and Matt Kramer has also been invaluable. They have 
spent a lot of time helping me and teaching me everything I know about TEM, as well as 
other things. Christmas tree relocation is one example of Scott's lessons. 
My fellow graduate students, past and present, have also helped me a great deal. 
Special thanks is extended to Ken Hagen, Dan Shey, and Carole Trybus, who helped in 
my early days here, and my officemates past and present, including Chuck Hsu, Sang-Im 
76 
Yoo, Brian Merkle, Steve Arrasmith, and Dan Branagan. They have helped me see things 
from a different perspective, however skewed the view may have been. Many useful 
discussions with L.X. "Lenny" He have also been helpful to my understanding of 
quasicrystals. 
Others at Ames Laboratory have also made my life much easier. John Wheelock of 
the Materials Preparation Center has rescued me countless times when Alan shows up 
wanting 100 g of something or other, usually by Monday. Dr. Rohit Trivedi has also been 
of tremendous support. I cannot remember how many times his encouragement came at 
the times I doubted my ability to handle the classwork. 
I would be negligent in not mentioning other very special people. My mother has 
always been supportive and has never badgered me into getting a "real" job. Larry and 
Jackie have always been great, and keep offering that "other" job opportunity on the farm. 
But the most important has been Deb; I would have been lost without her support, patience 
and encouragement. Thank you all very much. 
This research was performed at Ames Laboratory under contract no. W-7405-ENG-
82 with the U.S. Department of Energy. The United States government has assigned the 
DOE Report number IS-T 1612 to this thesis. 
